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Introduction 
The bc1 complex is a quasi-ubiquitous multisubunit protein that is an important part of 
both respiratory and photosynthetic electron transport chains (1). This enzyme conveys 
electrons from ubihydroquinone (QH2) to a c-type cytochrome (cyt) in a manner coupled 
to proton translocation across the membrane. The electrochemical gradient thus generated 
is subsequently used for ATP synthesis. The mechanism of function of this enzyme is 
best described by the Q-cycle model (2,3), that features as a critical step the bifurcation of 
electrons derived from the oxidation of QH2 at the QH2 oxidation (Qo) site to two distinct 
routes. One of these electrons follows the high potential chain constituted of the [2Fe2S] 
cluster carried by the Fe-S subunit and c1 heme on the cyt c1 subunit. The other electron is 
conveyed to the low potential chain constituted by 2 b-type hemes (bL and bH), and 
reduces an ubiquinone (Q) (or a ubisemiquinone (QS) radical) in a second catalytic site 
(Qi site) located across the membrane. 
     In recent years, major progress has been accomplished upon the resolution of the 3D 
structure of the bc1 complex (4-7). Comparison of various structures revealed that the 
cluster domain of the Fe-S subunit occupies different positions in the enzyme complex 
(4-7). Subsequent biochemical, biophysical and genetic studies (8-16) have now 
established firmly that the Fe-S subunit acts as an unprecedented electron shuttle via a 
large-scale domain movement between the Qo site of the enzyme and its cyt c1 subunit. 
Mutations located in the linker domain of the Fe-S subunit that acts as a hinge during the 
domain movement interfere with the mobility of the cluster domain of this subunit (8,9, 
12,14-17). Especially, mutants that contained Ala insertions in the hinge exhibited slower 
movement and enabled for the first time to unveil kinetically the electron transfer 
associated with it (14). However, little is known about whether this movement is 
controlled or not, and if so, what are the regions of the bc1 complex implicated in this 
control. In this work, we show that a mutant with a single Ala insertion in the hinge of the 
Fe-S subunit can regain full function via a second mutation located in the ef loop of cyt b. 
The data obtained indicate that the ef loop region of cyt b constitutes an obvious physical 
barrier that needs to be crossed during the movement of the Fe-S subunit from the Qo site 
to the cyt c1 in order to sustain the catalytic turnover of the bc1 complex. 



Materials and methods 
Bacterial strains were grown as in (15).  All biochemical and biophysical techniques are 
also described in (15) except that a dual wavelength spectrophotometer, instead of a 
single wavelength spectrophotometer (Biomedical Instrumentation Group, University of 
Pennsylvania, Philadelphia, PA. USA) was used for some of the time-resolved, light 
activated cyt c re-reduction or cyt b reduction kinetics. 

Results 
The slower phototrophic (Ps) growth of the +1Ala mutant of R. capsulatus, due to its 
impaired bc1 complex (14), allowed us to isolate its faster growing derivatives. Analyses 
of these isolates indicated that they contained a second mutation that substituted the Leu 
at position 286 of the ef loop of cyt b by a Phe. The L286F mutation being the molecular 
basis of the improved Ps growth of the +1Ala mutant was established by exchanging the 
920 bp Xma1-Sfu1 fragment carrying it with its wild type counterpart in the +1Ala mutant 
background. In addition, this fragment was also introduced into a wild type background to 
obtain a single mutant that carried only the L286F mutation. All mutants assembled the 
Fe-S subunit in the complex as indicated by SDS-PAGE gels and western blot analyses 
(data not shown), although a slight sub-stoichiometry of the Fe-S subunit could be seen 
whenever the L286F mutation was present. EPR spectra revealed that the interactions of 
the [2Fe2S] cluster with Q or the inhibitor stigmatellin were native-like in all strains as 
indicated by the usual 1.800 and 1.783 gx signals (14-15) (data not shown).  
The steady-state activity of mutant bc1 complexes indicated that L286F mutation 
decreased the ability of the enzyme to reduce cyt c. This was possibly due to the sub-
stoichiometry of the Fe-S subunit and the increased sensitivity of the bc1 complex to 
detergent, as previously observed with for example the hinge deletion mutants that have 
assembly defects (15). Next, the effect of the L286F mutation on the [2Fe2S] cluster Em 
was sought, and the Em7 values of the [2Fe-2S] cluster in the mutants indicated that the 
L286F mutation decreased in all cases the Em7 values by about 50 mV. Various properties 
of these mutants are summarized in Table 1.  
     A more detailed study of the bc1 complex function in the mutants was undertaken by 
analyzing their single turnover kinetics (14).  First, the measurements were performed at 
a Eh of 100 mV where the Qpool contains both Q and QH2, and the [2Fe2S] cluster is 
reduced.  After a flash of light to activate the reaction center and oxidize the c-type cyt, 
the cyt c re-reduction kinetics were followed at 550-540 nm, and the cyt b reduction 
kinetics at 560-570 nm in the presence of 5 µM antimycin A.  The results shown in Fig. 1 
revealed similar effects on the cyt b and c kinetics. The L286F mutation alone impeded 
the function (Fig. 1, compare panels A and B), and the relative activity of the 
+1Ala/L286F revertant was not higher than that of the +1Ala alone when the visible 
portions of the kinetics (which reflect events later than the initial QH2 oxidation at the Qo 
site) were compared. However, it was clear that the slow electron transfer phase 
observable in presence of myxothiazol in the +1Ala mutant (14) was no longer 
discernable in the case of the +1Ala/L286F revertant (Fig. 1, compare panels C and D). 
The data suggested that this mutant had recovered the fast movement of its Fe-S subunit, 
which was consistent with its better Ps growth ability.  The cyt b kinetics measurements 
were also repeated at an Eh value of 400 mV at which the [2Fe2S] cluster is oxidized. 



The +1Ala and +1Ala/L286F exhibited wild-type like cyt b reduction kinetics, indicating 
that the QH2 oxidation at the Qo site was not affected in these mutants even though the 
electron transfer from the [2Fe2S] cluster to cyt c1 was slower (Table 1). Indeed, this 
activity was fully inhibited by myxothiazol (not shown) and was not discernable in a 
mutant with a defective Qo site catalysis such as Y147A (19).  
Table 1: Characteristics of the +1Ala/L286F revertant and its derivatives 

 
 

Ps 
phenotypea 

Assemblyb (%) 
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[2Fe-2S] 
(mV)c 

Steady-
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Activity 
(%)d 

Electron 
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QH2 ->cyt c (%)e 
 

Electron 
transfer 

QH2 ->cyt b (%)f 

  Fe-S subunit [2Fe-2S]    100 mV 400 mV 
WT Ps+ 100 100 310 100 100 100 100 
L286F Ps+ 60 40 260 20 60 35 45 
+1Ala Psslow 105 140 370 120 35 25 125 
+1Ala/L286F Ps+ 80 100 320 60 35 40 115 

aPs+, Psslow and Ps-refer to phototrophic growth ability of various mutants.  
bAssembly Fe-S subunit and [2Fe-2S] cluster refer to the stoichiometry of the Fe-S subunit in respect to the 
cyt c1 or cyt b subunits as determined by scanning of SDS-PAGE gels and immunoblots, and the relative 
amounts of the [2Fe-2S] cluster in comparison to the wild-type, as determined by the amplitude of the EPR 
gy signal, respectively. All values are expressed as a percentage of the wild-type (15). 
cThe Em7 values were obtained after fitting the amplitude of the EPR gy signal during potentiometric dark 
titration of the [2Fe-2S] cluster (15). 
dSteady-state refers to the DBH2 : cyt c reductase activity expressed as a percentage of the wild-type activity 
which was approximately 3 µmol of cyt c reduced min-1 mg of membrane protein-1 (18). 
eQH2 to cyt c electron transfer rates were determined at 100 mV by recording cyt c re-reduction kinetics at 
550-540 nm and fitting them to a single exponential equation (15). They are presented as a percentage of 
that of the wild-type which was approximately 300 s-1. 
fQH2 to cyt b electron transfer rates were determined either at an Eh of 100 or 400 mV by recording cyt b 
reduction kinetics in presence of 5 µM antimycin A at 560-570 nm, and fitting them to a single exponential 
equation (15). They are expressed as a percentage of that of the wild-type which were approximately 500 s-1 
and 60 s-1 at 100 and 400 mV, respectively. 
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Figure 1. Cyt c re-reduction kinetics in the presence of myxothiazol or stigmatellin in various mutants.  Cyt c re-
reduction kinetics were triggered by flash-activation of the photochemical reaction center and recorded at 550 - 540 nm 
using chromatophore membranes poised at 100 mV as described in (15).  In each case, the traces obtained with no 
inhibitor (no), or in the presence of myxothiazol (Myx) (no QH2 oxidation), or in the presence of stigmatellin (Stig) (no 
electron transfer to cyt c1 heme) are shown.  Panels A, B, C and D correspond to the wild type, L286F, +1Ala and 
+1Ala/L286F mutant strains, respectively. 



 
 

Discussion 
According to the structure of the bc1 complex, the L286F mutation is located on the ef 
loop of cyt b that represents the most conspicuous barrier that needs to be crossed during 
the normal movement of the [2Fe2S] cluster domain from the Qo site to the cyt c1. 
Comparison of the structures with the cluster domain of the Fe-S subunit located at the 
intermediate position versus those where the Fe-S cluster domain is either in cyt b or cyt 
c1 positions (5 and personnal communication) indicates that the ef loop has moved away 
suggesting its flexibility. Previous observations that the movement of the Fe-S cluster 
domain is slowed down in the +1Ala mutant, and is even stopped when the hinge is 
longer (i. e., +2Ala and +3Ala mutants) (14) are in good agreement with the motion of the 
cluster domain being hindered by the ef loop of cyt b. Moreover, the findings that the 
movement is prevented when the hinge is too rigid (i.e., the 6Pro mutant where six amino 
acids are substituted by six proline residues in the hinge domain) but it could be restored 
when this rigid hinge is shortened to three proline residues (i. e., 3Pro∆3) (15) also 
support this notion. In this respect, substituting the Leu286 (corresponding to Leu262 in 
bovine numbering) to a bulkier Phe residue may appear surprising to overcome a possible 
steric hindrance. However, it is noteworthy that the aromatic side chain of Phe is planar, 
and as illustrated in Fig. 2 one of its most favorable rotamers could move this side chain 
away from the cluster domain of the Fe-S subunit. A more rigorous modeling of this 
suppression event should await the structure of the bc1 complex from R. capsulatus, 
which is in progress (20) 
     Interestingly, the L286F mutation has mild disruptive effects on both the assembly of 
the Fe-S subunit and Qo site catalysis, and it also lowers the Em value of the [2Fe2S] 

Figure 2. L286F mutation on the ef loop of the cyt b subunit of the bc1 complex. The figure is to illustrate a 
hypothetical three-dimensional structure of the L286F mutant using the coordinates of the bovine heart 
mitochondrial bc1 complex with the Fe-S subunit cluster domain in the intermediate position (5). Panels A and 
B depict the wild type L286 (corresponding to L262 in bovine numbering) and the mutant F286, respectively.  
Cyt c1 with c1 heme, cyt b, and the Fe-S subunit with its [2Fe2S] cluster are shown indifferent shades of gray. 
The amino acid at position 262 of cyt b corresponding to position 286 in R. capsulatus numbering is shown as 
stick and balls drawings, and one of its most favorable rotamer position is chosen when it is substituted by a 
phenylalanine as shown in Panel B. The rotamer selection was carried out using the program Swiss-Pdb Viewer 
written by N. Guex and M. C. Peitsch (http://www.pdb.bnl.gov/ expasy/spdbv/mainpage.html), and the 
coordinates visualized using Rasmol program written by R. Sayle (http://www.umass.edu/microbio/rasmol/).  



cluster both in the wild type and the mutant backgrounds. Thus it appears that the ef loop 
provides to the Qo site its optimal catalytic properties when it has its native sequence. 
Previously, we had found that the soluble Fe-S subunit has a lower Em value in 
comparison with its value when it is part of the bc1 complex (17), and also in the presence 
of myxothiazol that tends to release the cluster domain from the stigmatellin-like position 
in the Qo site (14). Thus conceivably, in the L286F mutant the cluster domain of the Fe-S 
subunit is now in a more polar environment. This change is apparently enough to 
counteract the tendency of holding the cluster domain deep into the Qo site, to overcome 
the steric hindrance encountered and improve the Ps growth of the +1Ala/L286F double 
mutant. These findings therefore clearly illustrate the dual role played by the ef loop 
which apparently acts as a shield somehow protecting the Qo site without constituting an 
insurmountable hindrance to the movement of the cluster domain of the Fe-S protein. 
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